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that understanding visual, auditory, or motor-related words is achieved by mentally simulating relevant perceptual or action properties in visual, auditory, and motor brain areas, respectively (Halpern, Zatorre, Bouffard, & Johnson, 2004; Hauk, Johnsrude, & Pulvermüller, 2004; Horton & Rapp, 2003; Shtyrov, Butorina, Nikolaeva, & Stroganova, 2014; Vukovic, Feurra, Shpektor, Myachykov, & Shtyrov, 2016; Vukovic & Shtyrov, 2014; Vukovic & Williams, 2014; Zwaan & Pecher, 2012) . Second, the brain uses an individual's unique collection of embodied conceptual knowledge and experiences to make sense of incoming speech. Accordingly, results from numerous studies show that mental simulation is not an all-or-nothing process but is shaped by individual cognitive differences and experience, and causally relies on sensorimotor brain structures (Beilock, Lyons, Mattarella-Micke, Nusbaum, & Small, 2008; Tschentscher, Hauk, Fischer, & Pulvermüller, 2012; Vukovic & Williams, 2015; Wassenburg & Zwaan, 2010; Yee, 2017) . Very little work, however, has focused on studying the relationship between language and other less dominant senses, such as nociception -the system underlying the detection of potentially harmful stimuli. Indeed, it has been questioned whether an account of language comprehension based on sensorimotor mental simulation could satisfactorily explain the encoding and storage of words related to experiences arising from internal inputs or less dominant modalities. For example, recent experiments which find that words related to odour do not seem to involve simulation (Speed & Majid, 2018 ) -unlike those related to vision -highlight the need to study language comprehension in relation to perceptual modalities which are less dominant, or not directly accessible by other individuals. The 'mental simulation' account of word processing would predict that understanding pain language and actual pain perception share a common neural substrate. If this is true, then mere comprehension of pain-related language should engage representations on which pain perception operates, and thus the two domains should interact. However, very little research exists probing the relationship of language and nociception / pain perception. One relevant example is a study by Richter, Eck, Straube, Miltner, and Weiss (2010) , which showed that deliberate pain imagery cued by pain words led to pain-associated brain activity in normal individuals. Another study by Reuter, Werning, Kuchinke, and Cosentino (2017) found that people with greater self-reported pain sensitivity have stronger word-pain associations. To our knowledge, no study to date has addressed the matter of storage and implicit processing of pain semantics in neurotypical and chronic pain populations, and how linguistic context may modulate pain perception.
The aim of our study was to test the influence of language comprehension on pain perception, in the context of semantic models based on mental simulation (Barsalou, Santos, Simmons, & Wilson, 2008) . Specifically, we w h e n w o r d s b u r n hypothesised that comprehension of verbal pain descriptors involves pain simulations, which influence (i.e., prime) the perception of incoming noxious stimuli. Second, we hypothesised a modulatory role of linguistic context, which was operationalised by presenting pain descriptors either in literal sentences, with direct reference to actual pain episodes (e.g., 'burning' pain after touching the stove), or in metaphoric sentences, in which the same pain descriptors were used to refer to abstract events (e.g., 'burning' issue under discussion). We expected literal pain sentences to increase the perceived intensity of pain more than metaphoric ones, due to the more abstract linkage between the two domains in the case of figurative language (Pecher, Boot, & Van Dantzig, 2011; Yang & Shu, 2016) . Third, we hypothesised that individual differences play a role in pain-language comprehension, and that personal pain history will modulate the effects of language on perception. Specifically, we expected pain-language to exert an hyperalgesic effect (i.e., increased evaluation of pain). To assess this hypothesis, we compared responses of neurotypical individuals to those of patients suffering from chronic pain due to migraine. We expected stronger priming effects of language on pain perception in patients with chronic migraine, given that their experiences predispose them to have stronger associative connections between language and pain-related networks. Understanding whether and how language modulates pain perception in different contexts and populations would offer key insights into how semantic content is represented, and the cognitive factors which shape pain perception and regulation.
Methods

pa r t i c i pa n t s
We recruited 40 right-handed (Oldfield, 1971 ) participants: 20 chronic headache sufferers (Mean age = 23.2, SD = 3.23) and 20 neurotypical controls (Mean age = 23.0, SD = 1.75). Due to the fact that migraine prevalence disproportionately affects women (Peterlin, Gupta, Ward, & MacGregor, 2011; Waters & O'Connor, 1975) , we only recruited female participants in this study. Data from one chronic pain participant was lost due to technical error, thus subsequent analyses are based on the remaining 19. On average, these participants first started experiencing significant head pain at the age of 14.23 (SD = 5.43), and reported suffering 9.06 individual headache attacks per month (SD = 5.45), with an average pain intensity of 6.73 (SD = 1.62; where 0 is 'no pain' and 10 is 'worst imaginable pain'). Both the control and chronic pain participants were native Danish speakers, with normal or corrected-to-normal vision, had no history of language disorders, and were otherwise healthy. Before taking part in the experiment, participants provided written informed consent and were monetarily compensated for their time.
v u ko v i c e t a l .
All study protocols were conducted in accordance with the Declaration of Helsinki and were approved by the Research Ethics Committee of Central Jutland Region in Denmark.
2.2. l a n g ua g e st i m u l i To investigate the cognitive processing of pain-language and its interplay with pain perception, participants completed a sentence comprehension and pain rating task. In this task, participants read a series of Danish sentences containing pain descriptors which were used in either literal (e.g., [translation from Danish] "Anna spilled acid on her hands -it felt burning"; "Vibeke suffered from severe arthritis -any movement felt piercing") or metaphoric contexts ("Erik's team lost 0 to 4 -the defeat was burning"; "Jen's girlfriend saw him with another woman -her stare was piercing"). Because we were specifically interested in the interaction of pain perception and pain-word meaning, as opposed to general reading processes, we also included a set of non-pain related sentences. These sentences served as a semantic baseline and ended in neutral adjectives ("Laura repainted the wall -the change was cosmetic"; "Emil tried to assemble the IKEA cabinet -the manual was technical"). Forty trials of each sentence type (literal pain, metaphoric pain, neutral) were presented, for a total of 120 trials.
ta s k p r o c e d u r e
On each trial participants were shown a fixation cross in the centre of a screen for 500 ms, followed by a sentence presented word-by-word. Depending on word length (which was balanced across conditions), words appeared on the screen for between 500 and 800 ms (sampled in steps of 100 ms). The final word in the sentence was always the pain or neutral descriptor which was presented for 1000 ms. At sentence offset, another fixation cross was presented for 500 ms, following which participants received a single heat pain stimulus on the forearm of their non-dominant (i.e., left) hand, while the dominant hand was used to provide responses. To reduce pain onset predictability, the thermal stimulus was delivered randomly within a 2-second time-window. Participants then had up to 5 seconds to rate the subjectively perceived intensity of the sensation (see pain stimulation details below), using a visual numerical scale from 0 ('no pain') to 10 ('worst imaginable pain'), in steps of 0.5. To ensure they read all the sentences carefully, at the end of 30% of trials participants had to answer a yes/no comprehension question. In total, each participant completed 120 trials -of these 40 contained neutral, 40 literal, and 40 metaphoric pain sentences (for a list of all sentences used, see <https:// osf.io/a23jc/>).
2.4. pa i n st i m u l at i o n The thermal stimulation was delivered using a Contact Heat Evoked Potential Stimulator (CHEPS, Medoc Ltd., Ramat Yishai, Israel) with a circular contact area of 573 square mm, applied to the volar surface of the left forearm. The right (i.e., dominant) arm was used for providing responses and pain ratings. Stimuli consisted of two possible heat pulses at low and high intensity, from a baseline temperature of 32°C. Stimulus temperatures were calibrated for each participant and corresponded to ratings of 2 (low intensity) and 6 (high intensity) on a scale from 0 ('no pain') to 10 ('worst imaginable pain'). For all stimuli, the heating rate was 70° C/s with a return rate of 40° C/s, producing a baseline-to-peak heat pulse in around 400 ms. Participants felt pain mainly during the peak portion. For each language category (neutral, literal, metaphorical pain sentences), we delivered an equal number of low or high painful stimulation. Further, sentence stimuli were delivered in randomised order and each sentence was repeated once for both stimulation intensities.
stat i st i c a l a na ly s i s
The pain modulation effect of literal and metaphoric sentences was expressed as percent change in pain ratings relative to the neutral sentence baseline (which contained no pain-related words). These values were entered as a dependent variable in a three-way repeated measures ANOVA with the factors Sentence Type (literal vs. metaphoric sentence) and Pain Intensity (low vs. high), and the between-participant factor of Group (chronic pain vs. control participants). Post-hoc pairwise comparisons were conducted using planned t-tests. In addition, we performed the same analysis on mean RTs (reaction times) as the dependent variable in order to explore any response speed differences between conditions. Analyses were conducted using the JASP statistical software (JASP Team, 2018) . Data and analysis materials for this study are freely available at the Open Science Framework (<https://osf.io/a23jc/>).
Results
3.1. pa i n c a l i b r at i o n Average temperature and standard deviation of the thermal pain stimulation were 43.33 ± 1.30°C for the low pain intensity, and 49.72 ± 0.92°C for the high pain intensity. No significant difference in the average pain intensity was found between chronic pain patients and controls, for either the low-(t(37) = 1.59 , p = .12, Cohen's d = 0.51) or the high-intensity stimuli (t(37) = 1.66 , p = .10, Cohen's d = 0.53). This means that the objective stimulus temperatures were comparable across the two groups of participants.
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3.2. pa i n r at i n g ta s k Figure 1 shows the effects of language comprehension on pain perception in chronic pain patients and neurotypical controls. The dependent variable corresponds to the pain modulation effect of literal and metaphoric sentences relative to neutral sentences, expressed as a percentage change. We found both a Sentence Type main effect (F(1,37) = 17.01, p < .001, partial η 2 = 0.31), indicating that literal sentences modulated subsequent pain ratings more than metaphoric sentences did, as well as a Pain Intensity main effect (F(1,37) = 26.61, p < .001, partial η 2 = 0.42) -meaning that larger changes in pain ratings were associated with low-intensity relative to high-intensity pain stimulation. This suggests an allodynic effect (i.e., pain perception from lowintensity stimuli), where the perception of weaker painful stimuli is selectively enhanced. Further, there were significant interactions between Sentence Type and Pain Intensity (F(1,37) = 10.08, p = .003, = 0.21) and between Sentence Type and Group (F(1,37) = 5.64, p = .023, partial η 2 = 0.13). Specifically, literal sentences enhanced pain to a larger extent relative to metaphoric sentences in cases of low-intensity pain stimulation. The allodynic effect was thus larger when participants were primed with literal pain-related sentences. Conversely, literal and metaphoric sentences had little influence on pain perception of high-intensity stimuli. Crucially, pain modulation exerted by literal vs. metaphoric sentences was higher in chronic pain patients compared to controls. No other significant effects emerged (Group main effect: F(1,37) = 0.38, p = .54, partial η 2 = 0.01; Pain Intensity*Group interaction: F(1,37) = 0.29, p = .59, partial η 2 = 0.008; Sentence*Pain Intensity*Group interaction: F(1,37) = 0.87, p = .36, partial η 2 = 0.02). The same ANOVA conducted on mean RTs as a dependent variable returned no significant main effects or interactions (all ps > .05), indicating that participants responded similarly quickly in all conditions.
Discussion
The present study sought to address the issue of whether and how symbolic linguistic representations interact with perceptual mechanisms during language comprehension (Binder & Desai, 2011; Horchak, Giger, Cabral, & Pochwatko, 2014; Meteyard, Cuadrado, Bahrami, & Vigliocco, 2012; Pulvermüller, 2013) in the context of pain experience (Schott, 2004; Semino, 2010; Van Wijk & Hoogstraten, 2004) . First, we hypothesised that understanding the meaning of pain-related words (e.g., 'burning', 'piercing') is achieved by an automatic simulation of pain, possibly involving neural mechanisms that also participate in first-hand pain perception. On this view, we expected language to modulate the perception of pain evoked by noxious stimulation. Second, in agreement with previous language comprehension terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/langcog.2018.22
w h e n w o r d s b u r n literature (Cosentino, Baggio, Kontinen, & Werning, 2017; Just, Wang, & Cherkassky, 2017; Knoeferle, Urbach, & Kutas, 2011; Maguire, Frith, & Morris, 1999) , we expected the degree of pain modulation to be influenced by the semantic context. We manipulated such context by using sentences describing pain experiences either in a metaphoric or in a literal fashion. The pain-related sentences were compared to baseline sentences containing only pain-unrelated words. Finally, given that pain is experienced in highly individualised ways in relation to quality, intensity, and history (e.g., in chronic pain), we hypothesised that prior history of chronic pain may influence the interplay between language comprehension and pain perception. Specifically, we expected the magnitude of linguistic priming on pain Fig. 1 . Experimental procedure and results. A. On each trial, normal and chronic pain participants viewed neutral, literal, and metaphoric pain sentences. Sentences were displayed word by word, after which one thermal pain stimulus was delivered to their left forearm. Participants rated the perceived intensity of the noxious stimulus by clicking with their right hand on a visual numerical scale. On 30% of trials, a comprehension question about the previously read sentence was presented. B. Results show the percentage change pain modulation effect of literal and metaphoric pain sentences relative to the neutral sentence baseline (±SEM). Left to right, we see that our procedure was successful in establishing two distinct pain categories (low and high), and that the perceived pain intensity was overall modulated by sentential context (greater priming in literal context). Moreover, we found that this modulatory effect was specific to lower-intensity stimuli, and that literal pain sentences had the strongest hyperalgesic influence in chronic pain patients. perception to be higher in chronic pain sufferers, due to stronger associative connections between language and pain networks, compared to healthy controls. Our results confirm all three hypotheses, and show that pain sentences modulate actual experiences of pain, especially when literal expressions are used, and that such priming is more pronounced in individuals with a history of chronic pain.
The first novel finding of our study is that language comprehension modulates the perceived intensity of pain stimuli, and that the extent of this language-driven modulation is dependent on the context. The very same pain descriptors influenced subsequent pain ratings differently, based on whether they were embedded in metaphoric or literal sentences. We found that both types of sentences increased pain intensity ratings relative to a neutral semantic baseline; however, sentences describing literal pain events did so to a greater extent. This finding supports the interpretation that language comprehension involves mentally simulating word and sentence meaning in a flexible manner, possibly using the same resources involved in the representation of pain itself. These findings also speak to polysemy accounts of metaphor comprehension, which stress that novel metaphors (of the kind used here) entail a representational shift with respect to the source semantic domain (Bowdle & Gentner, 2005; Klepousniotou & Baum, 2005; Lehrer, 1990) . The meaning of figurative expressions is therefore more flexible than the meaning of literal ones, and is shaped by context and level of conventionality in both the timecourse of activation of word senses, and the frequency/dominance of these senses.
We further show that the priming effect of language varies with prior pain history. In the control group, literal pain sentences led to only marginally larger pain ratings compared to metaphoric sentences, suggesting that these participants represented them similarly with respect to pain content. However, the group of chronic pain sufferers showed a much larger difference between linguistic contexts. Whereas metaphoric pain language elicited similar responses in both groups of participants, chronic migraine patients rated noxious stimuli as more painful when they were primed with a literal pain sentence. This finding suggests a role of personal experience on the way we represent and understand the meaning of words related to pain. This is in agreement with linguistic and semantic theories suggesting a role of bodily experience in language comprehension (Barsalou, 1999; Borghi, Flumini, Cimatti, Marocco, & Scorolli, 2011; Meltzoff, 1990; Pexman, 2017) . This finding complements previous studies in the literature that have focused on perceptual domains that are highly shared among individuals, such as vision or action. By zooming in on an internal domain of experience which may have much less overlap between people, we were able to demonstrate significant differences between groups in the degree to which language comprehension terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/langcog.2018.22
w h e n w o r d s b u r n can potentiate the perception of pain. This finding is consistent with the results of a questionnaire study conducted by Reuter et al. (2017) , which found that pain-sensitive people associate words more strongly with pain than less sensitive individuals.
The present study also indicates that the influence of language on pain perception might depend on the intensity of painful stimulation, as we observed modulation of pain ratings for low-but not high-intensity stimuli. It is possible that subtle linguistic manipulations of the type used here are overshadowed by high-intensity noxious stimulation, which is comparatively more intense and might obscure any linguistic effects (i.e., ceiling effect). Arguably, linguistic modulations of high-intensity stimulation might be evident when using other protocols -for example, as part of longer-term therapeutic interventions, or tasks which involve more deliberate semantic processing. Indeed, previous studies demonstrated modulation of highintensity stimuli when participants were instructed to use hypoalgesic (i.e., pain-reducing) or hyperalgesic (pain-increasing) mental imagery prior to pain stimulation (Fardo, Allen, Jegindø, Angrilli, & Roepstorff, 2015) ; this was found when attention was manipulated (Fardo, Auksztulewicz, Allen, Dietz, Roepstorff, & Friston, 2017) and when participants explicitly learnt about the probability of painful occurrences via cue-conditioning paradigms (Egorova, Park, & Kong, 2017; Jepma & Wager, 2015; Keltner, 2006) . In an fMRI study, instructing people to explicitly imagine pain when cued by painrelated words led to increased activation in areas of the cortical network known to mediate the perception, localisation, and encoding of painful stimuli (Richter et al., 2010) -though this study looked at normal participants only, and did not measure pain priming or perception itself. However, the process of generating conscious mental imagery is considered to be related but distinct from automatic and largely implicit language comprehension processes (e.g., Barsalou, 1999; Gold, Balota, Jones, Powell, Smith, & Andersen, 2006; Graves, Binder, Desai, Conant, & Seidenberg, 2010; Neely, Keefe, & Ross, 1989; Salles, Holderbaum, Parente, Mansur, & Ansaldo, 2012) . In sum, our study demonstrates that a subtle and incidental semantic processing task can modulate the perception of low-intensity stimuli, but possibly also more intense painful stimulation under other language circumstances or tasks, which remains to be elucidated in more detail in future studies.
It is worth noting that, while the pain modulation effect of sentences (and especially the observed group differences) is consistent with and predicted by semantic theories of word representation, other alternative accounts could be proposed. One such explanation could be based on attentional bias, whereby highly pain-sensitive individuals are prone to attend more to pain-related stimuli because of additional experience (Baum, Huber, Schneider, & Lautenbacher, 2011) . Some evidence for this claim v u ko v i c e t a l .
comes from a study of Pearce and Morley (1989) , who found that chronic pain patients were slower than controls to name the colour of a word in a Stroop task if the word was pain-related. However, in the present study we find no support for the hypothesis that chronic participants attended preferentially to pain language, since there were no reaction time differences between conditions or between the two groups. Further, chronic pain individuals and controls were well matched in terms of pain sensitivity, given that their individually calibrated pain stimulation thresholds did not differ. Thus, given the similar reaction times in response to pain-related words and similar pain sensitivity, we believe the attentional bias explanation is unlikely. Rather, an appeal to semantic processes related to meaning representation and comprehension provide a more parsimonious explanation for the present effect of linguistic modulation of pain perception.
Taken together, our results speak to the integral role that perceptual mechanisms play in the processing of language. They demonstrate that semantic representations are tied to processes which mediate our perception of both the world and ourselves (Anderson, 2010; Barsalou, 2008) , while highlighting the important role of linguistic context. Thus, they are in line with flexible accounts of word comprehension which stress that sentence context drives how lexical and semantic information is accessed (Connell & Lynott, 2014; Marslen-Wilson & Tyler, 1980) . While we found that both metaphoric and literal uses of pain language prime the perception of noxious stimuli, relative to a neutral baseline, the magnitude of this effect seems inversely related to the degree of abstractness evoked by the sentence. Moreover, our findings raise the need for researchers to consider factors other than just linguistic features of words which people are asked to process, such as the individual differences in experience between people. Indeed, we found larger priming effects for literal language in sufferers of chronic pain, suggesting that chronic pain might implicate stronger associative connections between language and pain networks. This insight may prove particularly relevant in the clinical context where significant communication problems exist between patients and medical practitioners (Katz, 1998; PCC, 2014) . Given that chronic pain is a major burden affecting around 20% of the population, and that painful symptoms are the most common reason for which individuals seek medical attention, incorporating these insights from language science into practical improvements in doctor-patient communication in relation to pain diagnosis and treatment may be an exciting prospect.
Conclusion
While there is mounting evidence for the view that language comprehension is mediated by the brain's sensory and motor systems, it remains unclear whether this account can adequately explain the meanings of words related to less dominant modalities, and what the role of experience is in shaping these representations. By investigating the relationship between online language processing and pain perception in populations with different prior history of chronic pain, we were able to show that the comprehension of pain words may be mediated by mechanisms engaged in experiencing pain itself. Moreover, we find that language primes pain perception in a way that is sensitive to sentence context and individual pain experience. Thus, our findings enrich existing debates in semantic theory as well as highlight their potential relevance to clinical practice and the improvement of doctor-patient communication.
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